Tentoxin is a cyclic tetrapeptide, produced by the fungus Alternaria alternata, that induces chlorosis in germinating seedlings of some angiosperms. Since the most pronounced chlorotic effect of tentoxin is at the initial stages of germination most studies have evaluated the effects of tentoxin on cotyledons. In this preliminary work a unique biological system was established for the study of the mechanism of tentoxininduced chlorosis in developing citrus seedlings. This system was used to compare the effects of tentoxin on the in vitro germination of intact versus decotyledonized embryos. It is demonstrated here that the chlorotic effect of tentoxin is reversible and that tentoxin blocks the ability of decotyledonized embryos to utilize nutrients from the growth medium and, therefore, to compensate for the lack of cotyledons. The citrus system offers a unique way to study the relation between the effect of tentoxin on the activity of choloplast ATPase and the induction of chlorosis.
Introduction
Tentoxin, a cyclic tetrapeptide that is produced by the fungus Alternaria alternata induces a diversity of effects in some, but not all, angiosperms (Durbin and Uchytil, 1977) . Exposure of germinating seedlings from sensitive species to tentoxin was previously reported to result in irreversible variegated chlorosis (Templeton et al., 1967) . The inability to accumulate chlorophyll in germinating tentoxin-treated seedlings was suggested to derive from interference with transport or the integration of specific nuclear-coded protein into the developing plastid of sensitive, but not resistant, species Duke, 1981, 1984) . Different studies have indicated that chlorosis is a result of inhibition of photophosphorylation caused by direct interaction of the tetrapeptide with the coupling factor (CF1) of the plastid proton-ATPase (Arntzen, 1972; Bennet, 1976) . These mechanisms for tentoxininduced chlorosis were never directly proven. However, Avni et al. (1992) , have modulated the plastid atpB gene of the normally insensitive alga Chlamydomonas reinhardtii to demonstrate that tentoxin sensitivity of chloroplasts is determined by codon 83 of the jS subunit of protonATPase. Chlorosis could then be the result of inhibition of ATP synthesis (Arntzen, 1972) , stimulation of ATP hyrolysis (Steele et al., 1978a) or thylakoid overenergization caused by the binding of tentoxin to CF1 in the presence of nucleotides (Evron and Avron, 1990) . The inhibition of ATP hydrolysis by tentoxin is reversible, while inhibition of ATP synthesis is irreversible . Apart from the well-established effects on photosynthesis, tentoxin also has independent effects on plant metabolism including stomatal movements, ion uptake and translocation, and internal ion concentrations (Klotz, 1988) .
Since the most pronounced chlorotic effect of tentoxin is at the initial stage of seedling germination (no later than 48-56 h after imbibition of cucumber seeds, according to Templeton et al. (1967) or 72-96 h after the initiation of germination in lettuce according to Schadler et al. (1976) ), most of the studies have concentrated on tentoxin effects on cotyledons. Very little work was done on the effects of the toxin on the development of other plant organs. Among the physiological effects that have been reported are the inhibition of K + uptake (Klotz, 1988) , the increase of Ca 2+ concentration in roots (Erdei and Klotz, 1988) and the increase of K + conductivity in artificial lipid membranes (Klotz et al, 1987) .
During seedling germination cotyledons function as a source while the developing embryo is the sink (for review see Kigel and Galili, 1994) . The purpose of this work was to study the source-sink relations between cotyledons and the developing embryo during germination in the presence of tentoxin. The large cotyledons and embryos of the Duncan grapefruit (Citrus paradisi Macf) seed and the availability of techniques to regenerate whole plants from decotyledonized embryos (Holland et al, 1995) permit the effects of tentoxin on embryo development to be studied with respect to the role of the cotyledons in this process.
The effects of tentoxin on the development of citrus seedlings were studied here with particular emphasis on the comparison between the effects of tentoxin on germinating intact embryos versus decotyledonized embryos. Tentoxin blocks the ability of decotyledonized embryos to develope on nutrient-supplemented medium and the chlorotic effect of tentoxin on primary leaves was found here to be reversible. The reversibility of the chlorotic effect in our system is in contrast to the well-known irreversibility of tentoxin inhibition of ATP synthesis. Therefore, the citrus system offers a unique way to study the relation between the effect of tentoxin on the activity of chloroplast ATPase and the induction of chlorosis.
Materials and methods

Growth of intact and decotyledonized Duncan embryos
Seeds from Duncan grapefruit {Citrus paradisi) were surfacesterilized for 15 min with 1% sodium hypochloride followed by washing with sterile distilled water. The testa and the tegmen were aseptically removed and embryos were separated. Since Duncan seedlings are polyembryonic, only the large embryos were selected. Embryos obtained by this treatment are defined as intact embryos. Decotyledonized embryos were obtained by detachment and removal of the cotyledons from the embryos. Intact embryos and decotyledonized embryos were cultured in test tubes containing 10 ml of solidified (0.8%) agar MS medium (Murashige and Skoog, 1962) supplemented with 2% sucrose. Plants were cultured for 30 d at 25 °C under a light intensity of 30 ixmo\ m" 2 s~'.
Tentoxin treatments
After removal of testa and tegmen seeds were placed on 1 ml MS agar medium supplemented with 2% sucrose and various concentrations of filter-sterilized tentoxin (Bio-Makor) for 7 d at 25 °C under a light intensity of 30 /j.mol m" 2 s" 1 . When the reversible effects of tentoxin were studied, the germinating seedlings were transferred following the tentoxin treatment to MS medium supplemented with 2% sucrose, for an additional 3-4 weeks at 25 °C under a light intensity of 30 ^mol m~2 s" 1 . These seedlings developed, on average, 5 leaves and were utilized as a source for stem segments or detached leaves as described in the text.
Regeneration of stem segments and decotyledonized embryos
Stem segments (1 cm long) of 3-4-week-old seedlings, pretreated for 7 d with tentoxin, were cultured on MS medium supplemented with 2% sucrose and 0.25 mg 1"' 6-benzylaminopurine riboside (BAR). New shoots regenerated within 2 weeks. Decotyledonized embryos were regenerated in MS with 2% sucrose while tentoxin treatments were done in the presence of 5 figml' 1 tentoxin in the medium.
Leaf treatments
Detached chlorotic leaves from plants treated with tentoxin as described above were placed in liquid MS growth medium with or without sugars (2% sucrose or galactose) for several days. Alternatively, leaves were placed on solid agar medium containing 2% sucrose and followed for chlorophyll accumulation. Chlorophyll was extracted in N-N'-dimethyl formamide according to Moran and Porath (1980) .
Electrophoresis and immunoblotting
Leaves were frozen and ground for 30 s with a mechanical grinder in 400 ^ of cold buffer (0.01 M TRIS-HC1 pH 8.0, 0.1 M KC1, 0.05 M Mg-acetate, and 0.01% Triton X-100) containing a mixture of protease inhibitors (4mgml"' aprotinin, 1 mgmP 1 leupeptin, 1 mgml" 1 pepstatin A, lOOmgml" 1 phenylmethylsulphonyl fluoride, 50 mg ml" 1 tosyllysine chloromethyl ketone, lOOmgmP 1 tosylphenylalanine chloromethyl ketone) in 1 mM EDTA and lOmM DTT. Homogenates were centrifuged at 14000 g for 15 min at 0°C and supernatants collected. Protein concentrations were determined by the Bradford assay (Bio-Rad). Extracts (10 /xg total protein) were fractionated on 10% SDS-PAGE (Laemmli, 1970) and then transferred to 0.2 /^.m nitrocellulose paper (Schleicher & Schuell) . Nitrocellulose blots were reacted with antibodies and visualized with ECL reagents (Amersham International). Antibodies were kindly provided by R Nechushtai (LHCII).
Results
Sensitivity of Duncan seedlings to tentoxin
Germination of Duncan seedlings was found to be very sensitive to the presence of tentoxin. Bleaching of cotyledons in the germinating seedlings is already observed in the presence of 0.1 /ngml" 1 tentoxin. At this concentration, variegation appears in leaves and stems. Higher concentrations of tentoxin (0.5 ^gml" 1 ) cause complete chlorosis in leaves, stems and roots (Plate 1). Apart from being significantly shorter, the shape, number and size of leaves that develop in the presence of tentoxin appear to be normal. The presence of sucrose in the growth medium did not influence the rate of development or the number and shape of the leaves (Table 1) . However, it significantly affects the shape of the roots. Tentoxin-treated seedlings that developed without sucrose produce unbranched roots while those that grow in the presence of sucrose exhibit root branching (Table 1) . Additional growth in the presence of tentoxin for several weeks results in the arrest of growth, subsequently leading to seedling death. The same arrest of growth occurs when the seedlings are grown in the presence of tentoxin for a shorter period of time Plate 1. Tentoxin effect on size and colour of Duncan grapefruit seedlings. Seeds were surface-sterilized, the testa and tegmen were aseptically removed and embryos were separated. Seeds were placed in MS medium with 2% sucrose and 0.1-10 ^igrnl" 1 tentoxin. Seedlings were photographed at an age of 30 d.
(7-10 d) and then transferred to growth medium lacking tentoxin. There are no significant differences in shape, size or length if the seedlings are exposed to tentoxin for 10 d or for 4 weeks.
Reversibility of tentoxin effect
Seedlings that were grown in the presence of tentoxin did not green when transferred to tentoxin-free medium for 7-30 d, except for that part of the chlorotic leaves and stems of the seedlings that were in direct contact with the growth medium where some greening was observed. This suggests that close contact with the growth medium may provide an essential factor that induces greening. To pursue this question further, chlorotic stems were cut into segments and allowed to regenerate in a tentoxin-free MS medium. The initial shoots that emerged under these conditions (Plate 2a) continued to be chlorotic, but the stem parts that were deep within the growth medium became green. Moreover, the following newly developed leaves (above agar level) gradually accumulate chloroTentoxin sensitivity of citrus 839 phyll (Plate 2b). If only a part of the leaf was in close contact with the growth medium, chlorophyll accumulation was observed only in this part of the leaf (Plate 2c). This part also slightly increased in size relative to the part which did not touch the medium. The ability of the chlorotic tissues to regenerate chlorophyll accumulation was dependent on the presence of sucrose or galactose in the growth medium (Table 2) . When chlorotic leaves were detached from tentoxin-treated seedlings and placed in direct contact with growth medium lacking tentoxin they began to accumulate chlorophyll. Chlorophyll accumulation was associated with appearance of the lightharvesting complex II (Plate 3) reflecting re-establishment of the photosynthetic machinery. Thus, a new regreening system has been characterized in which both pigments and the proteins associated with them accumulate in a pattern that reflects the re-establishment of the photosynthetic machinery during the recovery from tentoxin. When sucrose was omitted from the growth medium no chlorophyll accumulation was observed. Galactose could replace sucrose for this purpose. These results indicate that the chlorotic effect of tentoxin in various citrus tissues is reversible and that chlorophyll accumulation requires the presence of sugars in direct contact with the plant tissues.
Effects of tentoxin on the development of decotyledonized embryos
Although intact seedlings that are germinating in the presence of tentoxin are chlorotic and significantly shorter Table 2 . Sugar dependency of greening leaves Duncan seeds were germinated on MS medium with 2% sucrose and 5 Hgml" 1 tentoxin. After 7 d seedlings were transferred to MS medium lacking tentoxin and allowed to grow for another 3 weeks. Leaves were removed and placed directly on plant media as indicated. The colour of the leaves was recorded after an additional 7 d. ND = not determined.
Medium content
Greening Chlorophyll (/^g perlOO/xg protein) Seeds from Duncan were surface-sterilized and the testa and tegmen were aseptically removed and the embryos were separated. Seeds were placed in MS medium with or without 2% sucrose in the presence or absence of 5 /zg ml"' tentoxin, as indicated. Growth parameters were recorded at age of 30 d. Numbers in parentheses represent SEM for triplicate determinations. In each experiment five plants were examined. Plate 2. Reversibility of tentoxin-induced chlorosis. Duncan seeds were germinated on MS medium with 2% sucrose and 5 jig ml" 1 tentoxin. After 7 d, seedlings were transferred to MS medium lacking tentoxin and allowed to grow for another 3 weeks. Chlorotic stems were cut into segments and allowed to regenerate in a tentoxin-free growth medium, (a) The regeneration of chlorotic shoots is observed, (b) A shoot of a 3-week-old seedling was cut and subcultured in MS agar medium for an additional 2 months during which green sectors MS b.
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Plate 3. LHCII accumulation m chlorotic leaves during greening. Duncan seeds were germinated on MS medium with 2% sucrose and 5 fig ml" 1 tentoxin. After 7d, seedlings were transferred to MS medium lacking tentoxin and allowed to grow for another 3 weeks. Leaves were removed (0) or left for 2-7 d (as indicated) in MS liquid medium (MS) or with MS containing 2% galactose (MS + G). Total proteins were extracted, loaded (10^g in each lane) and electrophoresed on SDS-PAGE. (Table 1) , they develop the normal number and size of leaves. The addition of sucrose (2%) to the growth media did not enhance growth or change the morphology of the seedlings. This suggests that although the ability of the cotyledons to accumulate chlorophyll is hampered, they still function properly to supply nutrients to the developing seedling in the presence of tentoxin. Decotyledonized embryos that are grown on tentoxin-free medium are able to develop and regenerate whole plants in sucrosecontaining media (Plate 4a), implying that certain nutrients within the growth medium are sufficient to replace, Plate 4. Tentoxin effect on embryo growth. Decotyledonized embryos were placed on MS medium with 2% sucrose without (a) or with (b) 5/ngml" 1 tentoxin and allowed to grow in the light for 6 weeks.
appeared, (c) Chlorotic leaves were cut and placed in direct contact with sucrose-containing MS medium and only that part of the leaves in direct contact with the media greened.
at least in part, the function of the cotyledons (Holland et al, 1995) . However, growth of decotyledonized embryos in the presence of tentoxin is completely inhibited (Plate 4b). This result indicates that tentoxin blocks the ability of decotyledonized embryos to utilize nutrients from the medium while it does not block their ability to utilize the cotyledons for their development.
Discussion
The large size of the Duncan seed and the availability of horticultural techniques for regenerating decotyledonized embryos, enabled the study of the effect of tentoxin on embryo development and the interrelations between the embryo and its cotyledons during germination. Despite the fact that tentoxin-treated cotyledons are completely chlorotic, the developmental programme of the young seedlings is not dramatically affected and seedlings with a normal number of leaves and shape are developed in the presence of the toxin. The cotyledons were found to be very important for normal development in citrus seedlings (Garcia-Agustin and Primo-Millo, 1990; GarciaAgustin et al, 1991) as well as in other plant species (Mayer and Shain, 1974; Bewley and Black, 1983) . It is clear that seed germination, rooting of the seedling and formation of the first leaves, known to be dependent on the presence of cotyledons (Holland et al, 1995) , are not influenced, or influenced to a limited degree, by tentoxin. Decotyledonized embryos can develop into normal plants provided that the essential nutrients are supplied by the growth medium. The fact that decotyledonized embryos were unable to develop at all in the presence of tentoxin (Plate 4b) implies that tentoxin blocked their ability to utilize nutrients supplied by the growth medium. Thus, while tentoxin did not prevent the ability of the developing embryo to utilize nutrients from cotyledons, it completely blocked its ability to utilize nutrients supplied by the growth medium. In view of the fact that tentoxin was previously shown to affect the function of the roots by altering transport of K + and Ca 2+ (Klotz, 1988) , it is proposed that the block in embryo development might be exerted through tentoxin action on the roots. It is not yet possible to conclude how the block in embryo development is related to the effect of tentoxin on CF1 activity. Tentoxin action on the roots would also explain why, in the presence of cotyledons, embryo development under tentoxin treatment appears to be normal. In this case, functionality of the roots is probably not a necessity because nutrients are present in storage organelles within the cotyledons and are directly transported to the developing embryo. Moreover, the action of tentoxin and interference in root functions will explain why, later in development, when plants develop several leaves, they can not grow further. Eventually, after 6-8 weeks these seedlings die, even though nutrients are present in the Tentoxin sensitivity of citrus 841 growth medium and photosynthesis is not essential under these conditions. It is suggested that, in this case, tentoxin also blocks the proper function of the roots and, therefore, the transportation of nutrients that are essential for further development.
The chlorotic effect of tentoxin is reversible. It is shown here that chlorotic tissues that are placed on a growth medium free of tentoxin (with sugar) will eventually accumulate chlorophyll. This reversible nature of the tentoxin effect is in contrast to previous reports. Irreversibility was reported for both the chlorotic effect (Templeton et al, 1967) and for tentoxin binding to ATP synthase (Steele et al, 19786) . Furthermore, tentoxininduced chlorosis is age-limited with respect to the specific developmental stage of the chloroplasts (N. Holland, unpublished results). It is assumed that when detached chlorotic leaves or stem segments are placed in direct contact with the growth medium, tentoxin diffuses into the medium and its internal concentration is reduced to a level which permits chlorophyll biosynthesis to resume in the presence of sugar. The irreversibility of chlorosis, demonstrated here for the first time, suggests that chlorosis is not a direct result of the irreversible inhibition of ATP synthesis by tentoxin (as previously suggested by Arntzen (1972) and Bennet (1976) ). The development of this biological system will enable further investigation on the relevance of other tentoxin effects on CF1 activity (inhibition or stimulation of ATP hydrolysis and enhancment of thylakoid energization) for the induction of chlorosis. The differences between our results and those of others may stem from the fact that in previous reports on chlorosis, work was done with intact seedlings while detached leaves and stem segments were used here, therefore bypassing the root effect. Diffusion of tentoxin from the plant tissues is probably more efficient when detached leaves and stem segments are in direct contact with the growth medium. The regeneration of the ability to accumulate chlorophyll is sugar-dependent. Either sucrose or galactose was sufficient for chlorophyll accumulation although greening of leaf tissue was faster in the presence of galactose (data not shown). Further studies should be done in order to determine if the requirement for sugars represents an energetic demand for chlorophyll accumulation or, alternatively, that sugars act as a biochemical induction signal for triggering gene expression in the pathway of chloroplast development.
The regenerating tentoxin-pretreated citrus leaf tissue and the unique reversibility of chlorosis described in this report offers a new biological system for the study of chloroplast development with regard to the mechanism by which chlorosis is caused by tentoxin. Consequently, studying the patterns of gene activation and protein synthesis following release from tentoxin stress and their comparison with patterns obtained from other greening systems (for example, etiolated seedlings or iron-deficient seedlings) may facilitate our knowledge on the mechanisms of chloroplast development. In addition, this system will enable the investigation of new aspects concerned with the involvement of cotyledons in embryo development, in the absence of active photosynthesis or nutrient supply from the growth media.
